Tetracycline is one of the broad-spectrum antibiotics 1,2 having a fused, partially aromatic, 4-ring structure with a wide variety of functional groups that form complexes with various metal ions in aqueous solution. This ability is responsible for its antibacteria action. 3, 4 Numerous methods have been reported for determining tetracycline in many matrices, for example: microbiological, 5, 6 electrochemical, [7] [8] [9] [10] [11] chromatographic, 12-17 capillary electrophoresis, 18,19 spectrophotometric, 20-23 fluorometric, 24,25 and chemiluminescence [26] [27] [28] [29] procedures. The microbiological assay is sensitive, but requires a long period of incubation and lacks precision and specificity. Some spectrophotometric methods are rather insensitive and subject to interference from other materials. The fluorometric method is less sensitive than the microbiological method, but is specific for tetracycline. Other methods require elaborate instrumentation or have a low sampling frequency.
dissolving 12 g of tris(hydroxymethyl)aminomethane in 600 ml of water. The solution was then adjusted to pH 7 with 0.1 mol l -1 hydrochloric acid (previous by standardized), and diluted to 1 L with water. A potassium chloride solution (1 mol l -1 ) was prepared by dissolving 7.4551 g of potassium chloride (Merck, Germany) in 100 ml of water.
Apparatus
A double-channel FI manifold was used to develop a rapid procedure for tetracycline determination, as shown in Fig. 1 . An EYELA peristaltic pump (MP-3A; Tokyo Rikakikai Co., Ltd., Japan) was used for propelling an aluminium(III) chloride solution and Tris-buffer solution in the presence of potassium chloride. Tygon tubing (0.8 mm i.d.) was used for the flow lines, including the mixing coil. The sample and/or standard solution containing tetracycline was injected by a disposable plastic syring (0.5 ml) into merged streams of the aluminium(III) and buffer solutions through a home-made, lowcost injection valve. 38 The merged streams were passed through a flow-through cell (Beckman, 1 cm, Suprasil 1 window, Germany) in a spectrophotometer Model spectronic 21 (Bausch & Lomb, USA) connected to a Servograph REC 310 chart recorder (Radio meter, Copenhegen, Denmark).
Recommended procedure
We used the FI manifold, as shown in Fig. 1 . The drug sample and/or standard solution (100 µl) containing tetracycline was injected into merged streams of 0.01 mol l -1 Al(III) and the Tris-buffer (pH 7) in the presence KCl (0.06 mol l -1 ) with the same flow rate of 3.2 ml min -1 . The resulting Al(III)-tetracycline complex was monitored at 376 nm.
Results and Discussion
Tetracycline reacted with aluminium(III) chloride to form a yellow, water soluble complex. The metal-to-ligand ratio was determined by the mole ratio and continuous variation method, and was found to be 1:2. The complexation reaction may be similar to that suggested for complexation between Fe(III) with tetracycline. 37 The intense yellow complex formed by complexation between aluminium(III) and tetracycline led to the basis for the spectrophotometric determination of tetracycline at 376 nm under suitable experimental conditions.
The absorption spectrum for the Al(III)-(TC)2 complex exhibited three absorption maxima at 372, 376 and 382 nm with the absorbance in terms of mV 19.94, 21.14 and 19.34 mV, respectively. In order to achieve the greatest sensitivity, measurements were made at 376 nm in further studies. The optimum value for each parameter was judged based on the maximum response of the detector, the minimum noise of the baseline and good reproducibility, unless otherwise specified.
Optimization of experimental variables
The optimum reaction conditions for tetracycline determination were investigated by injecting 100 µl of the drug solution into merged streams of aluminium(III) and the buffer solutions with the same flow rate of 3.2 ml min -1 in each channel (Fig. 1a) and injecting the same sample volume of the drug solution into the buffer stream (Fig. 1b) . It was found to be more satisfactory to inject the sample solution into the merged streams (Fig. 1a) rather injecting into the buffer stream before merging. The FIA peaks obtained by the former manifold were greater than those obtained by the latter by a factor of about 2. This might have been due to the fact that sample injection into the reagent stream (Tris-buffer stream) could lead to the appearance of a pronounced Schlieren effect, 39 which would have impaired the signal to noise ratio. Therefore, the sensitivity decreased. Upon injecting the merged stream, the FI signal became twice as great as that obtained by injecting the sample solution into the Tris-buffer stream, probably due to the fact that this effect was reduced after merging with the Al(III) stream.
Effect of the pH
In order to investigate the effect of the pH on the FIA signal of the Al(III)-tetracycline complex, the Tris-buffer plus KCl stream was adjusted to various pH values (pH 5.0 -9.0); a 100 µl standard solution containing tetracycline (20 µg ml -1 ) was tested at each pH value. The results are shown in Fig. 2 . It was seen that when the pH of the buffer stream was adjusted from 5.0 -6.0 the absorbance as the peak height increased slightly. As soon as the pH of buffer stream exceeded 6.0 the absorbance increased rapidly and reached the maximum absorbance at pH 8.0. Further increases of the pH value from 8.0 -9.0 caused a rapid depression of the FI signals (Fig. 2) . The results obtained 16 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 by the present experiments were in good agreement with those reported by Pena et al. 40 The stability of tetracycline was poor under strong acidic and alkaline conditions along with a reversible formation of epimers at position C4 to 4-epitetracycline in weak acid and anhydrotetracycline under strong acidic conditions. 40, 41 The effect of the pH of the buffer stream on various concentrations of tetracycline (2.0 -20.0 µg ml -1 ) was also investigated. Although at pH 8.0 the greatest signal was obtained ( Fig. 2) , pH 7.0 was chosen as the optimum because at this pH the peaks were relatively high with good reproducibility, and the linearity of the calibration graph was also better (r 2 = 0.9993) than at pH 8.0 (r 2 = 0.9561). In addition, the sensitivity (defined as the slope of calibration curve) was also better. The pKa values for tetracycline in aqueous solution were 3.3, 7.5, and 9.4. 9
Effect of Al(III) concentrations
The effect of various concentrations of Al(III) solutions (0.001 -0.200 mol l -1 ) on the absorption of the Al(III)-tetracycline complex (as peak height) was examined. The Al(III) concentration that exhibited the greatest peak height was found to be 0.01 mol l -1 , and was therefore chosen as the optimum concentration. Upon further increasing the Al(III) concentration, the peak height gradually decreased up to 0.1 mol l -1 Al(III), and remained constant when the Al(III) concentration exceeded 0.100 mol l -1 (Fig. 3) . There was no change in the peak shape upon changing the Al(III) concentrations.
An irregular curve at the low Al(III) concentration range was probably observed due to the Schlieren effect. 39, 42 At a very low Al(III) concentration this effect was negligible. Upon increasing the Al(III) concentration to the critical value (0.005 mol l -1 ) the Schlieren effect appeared, resulting in a depression of the absorbance.
Effect of the mixing tubing length
The effects of the mixing tubing length, and diameter and the internal diameter of the Tygon tubing were tested. The effects of the mixing tubing length on 20 µg ml -1 tetracycline was studied by utilizing 30 -90 cm lengths of Tygon tubing with a diameter of 1.0 mm i.d. The peak heights increased to a maximum at 40 cm, after which the peak height decreased slightly, and reached the minimum value when a 90 cm mixing tubing was used. The effect of the mixing tubing length (40 -80 cm) on various tetracycline concentrations (2 -20 µg ml -1 ) was also examined in order to study the variation of the linear ranges and the slopes of the calibration graphs for varying tubing sizes. It was seen that the suitable mixing tubing length was 40 cm, since it provided the greatest sensitivity.
Effect of the mixing coil diameter and the mixing tubing internal diameter
The mixing coils were made from Tygon tubing wound around a glass or plastic tube with an outer diameter (o.d.) of 0.8 -3.0 cm. In this investigation various sizes of test tubes were employed. A maximum peak height was obtained for a test tube diameter of 0.8 cm o.d., around which Tygon tubing was wound to make a mixing coil. The effect of various internal diameters of the Tygon tubings for making the mixing coil was investigated over the range of 0.8 -1.5 mm. The maximum peak height was obtained for a diameter of 0.8 mm i.d., as shown in Fig. 4 .
Effect of the reagent flow rates
The effect of the flow rates of both the reagent and the buffer were investigated concerning the determination of 2 -20 µg ml -1 tetracycline in order to compare the linear ranges and the slopes of calibration graphs at various reagent flow rates. The peak height increased slightly from flow rates of 2.2 to 2.8 ml min -1 for both streams, and reached the maximum at 3.2 ml min -1 . The peak height was rather constant at flow rates 4.0 -4.4 ml min -1 , but decreased rather rapidly at a flow rate of 4.8 ml min -1 . The increase in the reagents flow rate gave rise to shorter residence times, increased dispersion and a lowering of the ratio of the sample peak to the blank peak at a higher flow rate. For an acceptable peak height and sampling rate (164 h -1 ), a flow rate of 3.2 ml min -1 for each reagent was chosen with reasonable low reagent consumption (2.3 ml per injection).
Analytical characteristics
The analytical characteristics for tetracycline determination were studied under the optimum conditions.
Calibration graph
Using the FI manifold as shown in Fig. 1a under optimum conditions for tetracycline determination using Al(III), a liner calibration graph over the range of 0.5 -10.0 µg ml -1 tetracycline was established with the regression equation y = 0.4322x -0.0436 (r 2 = 0.996), where y represents the peak height in mV and x is the tetracycline concentration in µg ml -1 after subtraction of the blank. The lower detection limit of tetracycline was examined. The detection limit (defined as three times standard deviation, 3σ) was determined, calculated and found to be 0.07 µg ml -1 tetracycline. The quatitation limit is defined as the analyte producing a signal that is at least tentimes the standard deviation of the blank signal, which was found to be 0.72 µg ml -1 tetracycline.
Reproducibility accuracy and sample throughput
The relative standard deviation (% RSD) for replicate injections of 5.0 and 10.0 µg ml -1 of tetracycline solutions were 17 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 0.72 and 0.30%, respectively (n = 11). The accuracy of the proposed FI method was verified by analyzing drug sample solutions spiked with various concentrations of standard tetracycline. A mean percentage recovery of the added tetracycline of 98.6 ± 2.0% was achieved. The proposed method was very rapid with a mean tbase of 22 s (n = 7). The sample throughput for the recommended procedure was found to be 164 samples h -1 .
Interferences
Some traditional, common excipients that might be present in the commercial formulations studied, such as cellulose, fructose, glucose, lactose, maltose, starch and sucrose were examined. It was exhibited that the presence of the abovementioned excipients up to 10 or 20-times of the weight ratio to tetracycline showed no interference effects for tetracycline determination. Therefore, the developed method is very suitable for determining tetracycline in commercial pharmaceutical formulations, and hence it is also suitable for quality control in drug industries where tetracyclines are manufactured.
Application and validation
The recommended FI procedure was successfully applied to the quantitation of tetracycline in 7 commercial dosage forms after appropriate sample pretreatments.
The tetracycline contents in the drug samples were found to be over the range of 105.00 -116.02 using the conventional FIA and 99.90 -106.10 for the standard addition FIA. The recoveries of the successive addition of the standard drug into the tetracycline sample solution ranged from 97.2 to 101.3% with standard errors of ±2.0%. Table 1 gives the drug contents and % labeled amounts obtained by the conventional and standard addition FIA. The magnesium state is a possible excipient that might interfere with the determination of tetracycline. 29, 33, 43 It was found that the matrix effect could be eliminated, or reduced, by the method of standard addition. 44 In order to evaluate the proposed FI method for tetracycline determination, comparative determinations of the drug using the standard method of pharmacopoeia 45 were carried out based on the HPLC procedure with the UV detection at 280 nm. It was revealed that the results obtained by both methods compared favorably, verified by the student t-test at the 95% confident level (Table 1) .
Conclusion
The developed FI procedure for tetracycline determination based on measuring of Al(III)-(tetracycline)2 complex at 376 nm has proven to be very sensitive. As little as 0.07 µg ml -1 tetracycline can be detected. It was reproducible with an RSD of less than 0.72 and 0.30% of 5.0 and 10.0 µg ml -1 (n = 11), respectively, and very rapid with a sampling rate of 164 samples h -1 . The method was also very accurate with the mean recovery of the spiked tetracycline being 98.6 ± 2.0%. The proposed method has been satisfactorily applied to the determination of tetracycline in commercial formulations. The results obtained by the proposed FI method are in good agreement with these obtained by the USP method. 45 
